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Abstract 

The new project GENIUS will cover a wide range of the parameter space of predictions of 
SUSY for neutralinos as cold dark matter. Further it has the potential to be a real-time detector 
for low-energy (pp and 7 Be) solar neutrinos. A GENIUS Test Facility has just been funded and 
will come into operation by end of 2002. 

1 Introduction 

Concerning solar neutrino physics, present information on possible v oscillations relies on 0.2% of the 
solar neutrino flux. The total pp neutrino flux has not been measured and also no real-time information 
is available for the latter. Concerning the search for cold dark matter, direct detection of the latter by 
underground detectors remains indispensable. 

The GENIUS project proposed in 1997 [0, §, [l], [14], [13]] as the first third generation j3j3 detector, 
could attack all of these problems with an unprecedented sensitivity. GENIUS will allow real time 
detection of low-energy solar neutrinos with a threshold of 19 keV. For the further potential of GENIUS 
for other beyond SM physics, such as double beta decay, SUSY, compositeness, leptoquarks, violation 
of Lorentz invariance and equivalence principle, etc we refer to [0, O, [14], III, [TO, Pfl. 



2 GENIUS and Low-Energy Solar Neutrinos 

GENIUS which has been proposed for solar v detection in 1999 J3, M , could be the first detector 
measuring the full pp (and 7 Be) neutrino flux in real time (Fig. [I]). 

The main idea of GENIUS, originally proposed for double beta and dark matter search [^, [L3|, |9], 



|i0| , [14] , [15| is to achieve an extremely low radioactive background (factor of > 1000 smaller than in the 
HEIDELBERG-MOSCOW experiment) by using 'naked' detectors in liquid nitrogen. 

While for cold dark matter search 100 kg of natural Ge detectors are sufficient, GENIUS as a solar 
neutrino detector would contain 1-10 tons of enriched 70 Ge or 73 Ge. 

That Ge detectors in liquid nitrogen operate excellently, has been demonstrated in the Heidelberg 
low-level laboratory [|T3"| , Q and the overall feasibility of the project has been shown in [Q, [H^, [TTJ, [TJ| . 

The potential of GENIUS to measure the spectrum of low-energy solar neutrinos in real time has been 
studied by |3|, [|, [12). The detection reaction is elastic neutrino-electon scattering v + e~ — ► v + e~. 

The maximum electron recoil energy is 261 keV for the pp neutrinos and 665 keV for the Be 
neutrinos. The recoil electrons can be detected through their ionization in a HP Ge detector with an 
energy resolution of 0.3%. GENIUS can measure only (like BOREXINO, and others) but with much 
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Figure 1: Left: The sensitivity (thresholds) of different running and projected solar neutrino detec- 
tors (see HI] and home-page HEIDELBERG NON- ACCELERATOR PARTICLE PHYSICS GROUP: 
fittp : I /www.mpi — lid.mpg.de/ non_acc/\ ). Right: Simulated spectrum of low-energy solar neutrinos 
(according to SSM) for the GENIUS detector (1 tonne of Ge) (from ||, and estimated background). 



the energy of the incoming neutrinos. The dominant part of the signal in GENIUS is produced by pp 
neutrinos (66%) and 7 Be neutrinos (33%). The detection rates for the pp and 7 Be fluxes are according to 
the Standard Solar Model [[23j R pp = 35 SNU = 1.8 events/day ton (18 events/day 10 tons) and R,7 Be = 
13 SNU = 0.6 events/day ton (6 events/day 10 tons) (1 SNU = 10" 36 /s target atom). 

To measure the low-energy solar v flux with a signal to background ratio of 3:1, the required 
background rate is about 1 x 10~ 3 events/kg y keV in this energy range. This is about a factor of 10 
smaller than what is required for the application of GENIUS for cold dark matter search. This can be 
achieved if the liquid nitrogen shielding is increased to at least 13 m in diameter and production of the 
Ge detectors is performed underground (see |3|, |T2|j). 

Another source of background is coming from 2vf3f3 decay of 76 Ge, which is contained in natural Ge 
with 7.8%. Using enriched 70 Ge or 73 Ge (>85%) as detector material, the abundance of the (3j3 emitter 
can be reduced up to a factor of 1500. In this case the pp-signal will not be disturbed by 2vf3(3 decay 
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The expected spectrum of the low-energy signal in the SSM is shown in Fig. [I] (right part). 

After the unfavouring of the SMA solution by Superkamiokande, it is important to differentiate 
between the LMA and the LOW solution. Here due to its relatively high counting rate, GENIUS 
will be able to test in particular the LOW solution of the solar v problem by the expected day/night 
variation of the flux (see fllTl Il2|). 



3 GENIUS and Cold Dark Matter Search 

GENIUS would already in a first step, with 100 kg of natural Ge detectors, cover a significant part of the 
MSSM parameter space for prediction of neutralinos as cold dark matter (Fig. ||) (see, e.g. [16|, [L7|, [jl| ) 
For this purpose the background in the energy range < 100 keV has to be reduced to 10~ 2 (events/kg y 
keV). At this level solar neutrinos as source of background are still negligible. Fig. shows together with 
the expected sensitivity of GENIUS, for this background, predictions for neutralinos as dark matter by 
two models, one basing on supergravity ]nj, another basing on the MSSM with more relaxed unification 



conditions |L6], |17 | 



The sensitivity of GENIUS for Dark Matter corresponds to that obtainable with a 1 km 3 AMANDA 



Status and Perspectives of Direct Dark Matter Search 
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Figure 2: WIMP-nucleon cross section limits in pb for scalar interactions as function of the WIMP 
mass in GeV. Shown are contour lines of present experimental limits (solid lines) and of projected 
experiments (dashed lines). Also shown is the region of evidence published by DAMA. The theoretical 
expectations are shown by two scatter plots, - for accelerating and for non-accelerating Universe (from 



16|, |17l| ) and by the grey region (from ||18[). Only GENIUS will be able to probe the shown range also 



by the signature from seasonal modulations. 



||T9|| ). Interestingly both experiments would probe different neutralino compositions: GENIUS mainly 
gaugino-dominated neutralinos, AMANDA mainly neutralinos with comparable gaugino and Higgsino 
components (see Fig. 38 in fl9fl). It should be stressed that, together with DAMA, GENIUS will be the 
only future Dark Matter experiment, which would be able to positively identify a dark matter signal by 
the seasonal modulation signature. This cannot be achieved, for example, by the CDMS experiment. 



4 GENIUS-TF 

As a first step of GENIUS, a small test facility, GENIUS-TF, is at present under installation in the 
Gran Sasso Underground Laboratory ||20|| . With about 40 kg of natural Ge detectors operated in liquid 



nitrogen, GENIUS-TF could test the DAMA seasonal modulation signature for dark matter. No other 
experiment running, like CDMS, IGEX, etc., or projected at present, will have this potential 0. Up 
to summer 2001, already six 2.5 kg Germanium detectors with an extreme low-level threshold of ~500 
eV have been produced. 
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Abstract 

Correlations in the nuclear wave-function beyond the mean-field or Hartree-Fock approxima- 
tion are very important to describe basic properties of nuclear structure. Various approaches to 
account for such correlations are described and compared to each other. This includes the hole- 
line expansion, the coupled cluster or "exponential S" approach, the self-consistent evaluation of 
Greens functions, variational approaches using correlated basis functions and recent developments 
employing quantum Monte-Carlo techniques. Details of these correlations are explored and their 
sensitivity to the underlying nucleon-nucleon interaction. Special attention is paid to the attempts 
to investigate these correlations in exclusive nucleon knock-out experiments induced by electron 
scattering. Another important issue of nuclear structure physics is the role of relativistic effects 
as contained in phenomenological mean field models. The sensitivity of various nuclear structure 
observables on these relativistic features are investigated. The report includes the discussion of 
nuclear matter as well as finite nuclei. 



1 Introduction 



One of the central challenges of theoretical nuclear physics is the attempt to describe the basic properties 
of nuclear systems in terms of a realistic nucleon-nucleon (NN) interaction. Such an attempt typically 
contains two major steps. In the first step one has to consider a specific model for the NN interac- 
tion. This could be a model which is inspired by the quantum-chromo-dynamics|l|], a meson-exchange 
or One-Boson- Exchange model |||, |3| or a purely phenomenological ansatz in terms of two-body spin- 
isospin operators multiplied by local potential functions^, [5|. Such models are considered as a realistic 
description of the NN interaction, if the adjustment of parameters within the model yields a good fit to 
the NN scattering data at energies below the threshold for pion production as well as energy and other 
observables of the deuteron. 

After the definition of the nuclear hamiltonian, the second step implies the solution of the many-body 
problem of A nucleons interacting in terms of such a realistic two-body NN interaction. The simplest 
approach to this many-body problem of interacting fermions one could think of would be the mean 
field or Hartree-Fock approximation. This procedure yields very good results for the bulk properties of 
nuclei, binding energies and radii, if one employs simple phenomenological NN forces like e.g. the Skyrme 
forces, which are adjusted to describe such nuclear structure data@. However, employing realistic NN 
interactions the Hartree-Fock approximation fails very badly: it leads to unbound nuclei [7]]. 

The calculation scheme discussed so far, determine the interaction of two nucleons in the vacuum in 



Figure 1: Cartoon of a nucleus, displaying the size of the nucleons as compared to the 
typical distance to nearest neighbors. Also indicated are the internal structure of nucleons 
and mesons. 



a second step, is of course based on the picture that nucleons are elementary particles with properties, 
which are not affected by the presence of other nucleons in the nuclear medium. One knows, of course, 
that this is a rather simplified picture: nucleons are built out of quarks and their properties might very 
well be influenced by the surrounding medium. A cartoon of this feature is displayed in Fig. |I[ 



2 Many-Body Approaches 

2.1 Hole - Line Expansion 

As it has been discussed already above one problem of nuclear structure calculations based on realistic 
NN interactions is to deal with the strong short-range components contained in all such interactions. 
This problem is evident in particular when so-called hard-core potentials are employed, which are 
infinite for relative distances smaller than the radius of the hard core r c . The matrix elements of such a 
potential V evaluated for an uncorrelated two-body wave function $(r) diverges since $(r) is different 
from zero also for relative distances r smaller than the hard-core radius r c (see the schematic picture 
in Fig. 0. A way out of this problem is to account for the two-body correlations induced by the NN 
interaction in the correlated wave function \l/(r) or by defining an effective operator, which acting on 
the uncorrelated wave function $(r) yields the same result as the bare interaction V acting on \I/(r). 
This concept is well known for example in dealing with the scattering matrix T, which is defined by 

< $|T|$ >=< > . (1) 

As it is indicated in the schematic Fig. |^, the correlations tend to enhance the amplitude of the correlated 
wave function \l/ relative to the uncorrelated one at distances r for which the interaction is attractive. 
A reduction of the amplitude is to be expected for small distances for which V(r) is repulsive. From 
this discussion we see that the correlation effects tend to make the matrix elements of T more attractive 
than those of the bare potential V. For two nucleons in the vacuum the T matrix can be determined 
by solving a Lippmann-Schwinger equation 

T|$> = v{\®>+ V\V> 

I uj — Hq + le 

V + V -A |$ > . (2) 



Therefore it seems quite natural to define the single-particle potential U in analogy to the Hartree- 
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Figure 2: Schematic picture of a NN interaction with hard core and its effect on the correlated 
NN wave function \E'(r). 



the Brueckner-Hartree-Fock (BHF) definition of U is given by 



2.2 Many-Body Theory in Terms of Green's Functions 

The two-body approaches discussed so far, the hole-line expansion as well as the CCM, are essentially 
restricted to the evaluation of ground-state properties. The Green's function approach, which will 
shortly be introduced in this section also yields results for dynamic properties like e.g. the single- 
particle spectral function which is closely related to the cross section of particle knock-out and pick-up 
reactions. It is based on the time- dependent perturbation expansion and also assumes a separation of 
the total hamiltonian into an single-particle part Ho and a perturbation H\. A more detailed description 
can be found e.g. in the textbook of Fetter and WaleckaQ. 

3 Effects of Correlations derived from Realistic Interactions 

3.1 Models for the NN Interaction 

In our days there is a general agreement between physicists working on this field, that quantum chromo 
dynamics (QCD) provides the basic theory of the strong interaction. Therefore also the roots of the 
strong interaction between two nucleons must be hidden in QCD. For nuclear structure calculations, 
however, one needs to determine the NN interaction at low energies and momenta, a region in which one 
cannot treat QCD by means of perturbation theory. On the other hand, the system of two interacting 
nucleons is by far too complicate to be treated by means of lattice QCD calculations. Therefore one 
has to consider phenomenological models for the NN interaction. 

With the OBE ansatz one can now solve the Blankenbecler-Sugar or a corresponding scattering 
equation and adjust the parameter of the OBE model to reproduce the empirical NN scattering phase 
shifts as well as binding energy and other observables for the deuteron. Typical sets of parameters 
resulting from such fits are listed in table |l|. 

3.2 Ground state Properties of Nuclear Matter and Finite Nuclei 




(3) 



In the first part of this section we would like to discuss the convergence of the many-body approaches 
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Table 1: Parameters of the realistic OBE potentials Bonn A, B and C (see table A.l of ||). 
The second column displays the type of meson: pseudoscalar (ps), vector (v) and scalar (s) 
and the third its isospin T iso . 
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a The tensor coupling constants are / p =6.1 g p and f w = 0. 

b The a parameters in the first line apply for NN channels with isospin 1, while those in the 
second line refer to isospin channels. In this case the masses for the a meson of 710 (Bonn 
A) and 720 MeV (Bonn B and C) were considered. 



2. The convergence of the hole-line expansion for nuclear matter has been investigated during the last 
few years in particular by the group in Catania|], Continuing the earlier work of Dayjll]] they 
investigated the effects of the three-hole-line contributions for various choices of the auxiliary potential 
U (see Eq. [3]). In particular they considered the standard or conventional choice, which assumes a single- 
particle potential U = for single-particle states above the Fermi level, and the so-called "continuous 
choice" . This continuous choice supplements the definition of the auxiliary potential of the hole states 
in Eq. @ with a corresponding definition (real part of the BHF self-energy) also for the particle states 
with momenta above the Fermi momentum, k > kp. In this way one does not have any gap in the 
single-particle spectrum at k = kp. 

4 Conclusion 

The main aim of this review has been to demonstrate that nuclear systems are very intriguing many- 
body systems. They are non-trivial systems in the sense that they require the treatment of correlations 
beyond the mean field or Hartree-Fock approximation. Therefore, from the point of view of many-body 
theory, they can be compared to other quantum many-body systems like liquid He, electron gas, clusters 
of atoms etc. A huge amount of experimental data is available for real nuclei with finite number of 
particles as well as for the infinite limit of nuclear matter or the matter of a neutron star. 
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